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Blur
Contrast polaritiesNatural images appear blurred when imperfect lens focus reduces contrast energy at higher spatial fre-
quencies. Here, we present evidence that perceived blur also depends on asymmetries between On (posi-
tive contrast polarities) and Off (negative contrast polarities) image signals. Psychophysical matching
experiments involving natural and artiﬁcial stimuli suggest that attenuating Off signals at high spatial
frequencies results in increased perceptual blur relative to similar attenuations of On signals. Results sup-
port the notion that Off image signals play an important role in blur perception.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
An image is perceived as blurred if light from a visual scene is
not focused on the retina because of inadequate accommodation
by the crystalline lens and/or use of improper corrective eyewear.
In defocused images, light is averaged over space and high spatial-
frequency components are more attenuated than their low-
frequency counterparts. Similarly, artiﬁcially attenuating the high
spatial-frequency components of a focused image leads to
perceptually blurred images. A number of psychophysical studies
have assumed that perceived blur is determined solely by an
image’s spatial-frequency spectrum (i.e., the distribution of con-
trast energy as a function of spatial scale) and have constrained
their investigation of the underlying visual mechanisms along
the same lines (Field & Brady, 1997; Watson & Ahumada, 2011;
Watt & Morgan, 1983 for a review).
In the real world, however, additional factors contribute to the
blurring of natural images. For example, the light reﬂected from an
object is often scattered by aerosols in the atmosphere such as mist
and fumes, or by biological factors intrinsic to the eye such as a
cloudy crystalline lens (e.g., cases of glaucoma) or light scatter
from ﬂoating debris in the vitreous humor (e.g., van de Hulst,
2012; He, Sun, & Tang, 2011). Fig. 1b shows a defocused image of
a hard-focused image (Fig. 1a). Fig. 1d demonstrates that cloudy
images also give rise to a strong impression of blur compared to
a hard-focused image in Fig. 1a. In other cases, photographs taken
by lenses with signiﬁcant spherical aberration (soft focusing) alsogive a similar impression of blur, as shown in Fig. 1c, compared
to the hard-focused image. Inspecting these images, we perceive
that bright areas tend to spread over space beyond object edges.
On the whole, these observations are indicative that perceived blur
in natural scenes is determined not only by the spatial-frequency
spectrum but also by On and Off image contrast polarities.
The hypothesis that blur perception is not purely a function of
high-frequency attenuation can be easily tested by manipulating
On and Off signals independently in a well-focused image.
Fig. 2a and b show sample images resulting from such manip-
ulations that were implemented according to the following proce-
dure. The original image was divided into high- and low-pass
components by means of an isotropic ﬁlter, and the high-pass part
was made to have reduced positive (On: Fig. 2a) or negative (Off:
Fig. 2b) values, then linearly integrated with the low-pass image
to obtain the resulting image (this procedure will be described in
more detail in the Methods section). Casual viewing make it
obvious that the image with reduced high-frequency Off contrasts
appears more blurred than the On-reduced image despite the fact
that the absolute spatial-frequency spectra of both images are vir-
tually identical. This remarkable difference in appearance demon-
strates that Off information in high spatial-frequency bands plays a
speciﬁc and important role in the perception of blur.
The present paper reports data from psychophysical experi-
ments that support the qualitative observations made above. In
two experiments, observers matched the perceptual appearance
of test images whose high-frequency components were either
On- or Off-modulated to that of reference images for which both
the On and Off high-frequency components were modulated
equally. We found that Off-modulated images were perceived as
more blurred than On-modulated images over a range of
(a) (b) (c) (d)
Fig. 1. Various types of visual blur seen in photographs. (a) A hard-focused image. (b) A defocused image. (c) A soft-focused image. (d) An image taken through semi-
transparent ﬁlter.
(b) (a) 
Fig. 2. A natural image in which either positive (‘‘On’’) contrasts (a) or negative (‘‘Off’’) contrast (b) at high frequency bands is reduced (http://www.fansshare.com/).
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artiﬁcial images (Section 3).2. Experiment 1
2.1. Methods
2.1.1. Observers
Four naïve students and one of the authors (HS), all of whom
had normal or corrected-to-normal vision, participated in the
experiment. All experiments followed the Declaration of Helsinki
guidelines, and all observers provided informed consent.
2.1.2. Apparatus
Visual stimuli were displayed on a CRT (SONY GDM F500) with
a refresh rate of 75 Hz. From a viewing distance of 1.0 m, the CRT’s
pixel resolution was 1.09 min/pixel. The resolution of pixel value
was 8 bit. The luminance of the CRT monitor was carefully cali-
brated by means of ColorCAL, a high-performance colorimeter
(Cambridge Research Systems). As the CRT monitor had a large
gamma value (g: 2.161), the luminance value of each stimulus
was raised to the power of 1/g, converted into pixel data, and dis-
played on the monitor. Since many natural scenes have positively
skewed luminance histograms, this gamma correction was suitable
to display the images with relatively symmetric pixel histograms
(see also Motoyoshi & Matoba, 2012).
2.1.3. Stimuli
Test stimuli were derived from the two original grayscale
images shown in Fig. 3a, which were taken from the McGill
Calibrated Color Image Database (Olmos & Kingdom, 2004:merry_mexico0080, merry_mexico0125). The original image was
converted into grayscale according to the NTSC formula. We gener-
ated On- and Off- modulated images by using the following proce-
dure. Each image was divided into high and low spatial-frequency
components by means of an isotropic high-pass ﬁlter with a cut-off
frequency of 16 c/image (slope was 1.0). The impulse response
function of the ﬁlter had a so-called ‘Mexican hat’ proﬁle which
is commonly likened to the receptive ﬁeld type of On-center visual
neurons and its opposite-polarity proﬁle to that of Off-center
visual neurons. The resulting high-pass ﬁltered image has both
positive and negative values as illustrated in the colored map of
Fig. 3a in which red parts represent the positive contrast (On com-
ponents) and green parts the negative contrast (Off components).
For On-modulated images, only positive values in the high-passed
image were multiplied by 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 while nega-
tive values were left intact. For Off-modulated images, only nega-
tive values in the high-passed image were multiplied in a similar
manner while positive values were left intact. For both On- and
Off- modulated images, the modulated high-passed images were
then linearly combined with the low-passed images to produce
the resulting images (the lower- left and right panels in Fig. 3a.)
Finally, the RMS pixel-luminance contrast of individual images
was equated to that of the corresponding original image, and the
mean luminance was multiplicatively normalized to that of the
corresponding original image.
In order to check if there is difference in the spatial frequency
spectrum between On- and Off- modulated images, we calculated
the amplitude spectrum for each image by using the fast Fourier
transform (FFT). The results obtained for image 1 are shown in
the upper-right panels in Fig. 3a. It is found that the spectrum
are little different between On-modulated image (red) and Off-
modulated image (blue). Similar results were obtained for image
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Fig. 3. Stimuli used in Section 2. (a) The upper-panel shows positive (red) and negative (green) components in high spatial frequency images, extracted by ﬁltering the
original image with an isotropic high-pass ﬁlter. The modulated high spatial-frequency components were then linearly combined with the original low spatial-frequency
components to produce the resulting On-modulated (the lower-left panel) and Off-modulated (the lower-right panel) images. The upper-right panel shows the spatial
frequency spectrum of each image. (b) A sample reference set for image 1.
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modulated images described later is unlikely due to the difference
in the spatial frequency spectrum between them.
The perceived blur of the On- and Off- modulated test images
was measured by means of a matching task. On each trial, the test
image was shown in the upper side of the display, and a series of
reference stimuli were shown in the lower side. The reference
stimuli consisted of eight images. These were simply blurred by
reducing both On and Off contrasts in high-pass components
multiplicatively by 0.20, 0.25, 0.32, 0.40, 0.50, 0.63, 0.79, and
1.00. A set of reference stimuli for the image 1 is illustrated in
Fig. 3b. Test and reference stimuli all subtended 4.6  4.6 deg
(256  256 pixels).2.1.4. Procedure
On each trial, observers pressed a button (1–8) to indicate
which of 8 reference stimuli appeared to best match the perceived
blur of the test stimulus. Observers were instructed to choose 0 if
the test was perceived as more blurred than any of the references
and choose 9 if the test was perceived as less blurred than any of
the references. The observers were also instructed not to base their
judgments on apparent stimulus contrast. There was no ﬁxation
point and the observers could view the stimuli freely. Theobservers were allowed to view the stimuli as long as they wanted.
When observers chose one reference stimulus and pressed a key,
the stimuli disappeared and another set of the stimuli was pre-
sented soon after. Test stimuli were presented in random order,
and at least 6 trials were collected for each test stimulus. The mea-
sure of perceived image focus – or ‘‘clarity’’ – for a given test was
calculated on each trial as the geometric mean over the amplitudes
of the high spatial-frequency components present in the chosen
reference image.2.2. Results
Fig. 4 shows the matched clarity of each test stimulus as a func-
tion of the degree of modulation of On (red circles) and Off (blue
circles) components. The vertical axis represents the amount of
high-spatial frequency modulation in the matched reference stim-
uli: smaller value means that the test image appeared more
blurred. The horizontal axis represents the amount of On- or Off-
modulation in the test stimuli: smaller value means that the either
positive (On) or negative (Off) contrasts at high spatial frequency
part was reduced more. The results show that Off-modulated
images appeared more blurred (less clear) than On-modulated
images over the full range of modulations tested.
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Fig. 4. The perceived clarity of either On- or Off-modulated images. The high
spatial-frequency amplitude in the reference stimulus matched to the test stimulus
is plotted as a function of the degree of modulation in On/Off components in the test
stimulus. Each panel shows the results for image 1 and 2, respectively. Red and blue
circles represent the results for On- and Off-modulated images respectively. Error
bars represent ± 1 S.E.M. across observers. Most of them are shorter than the size of
circle.
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lated high spatial frequency component and the levels of mod-
ulation amplitude as the factors, and ﬁve measures (observers)
per condition. Both of the polarity (two-way ANOVA;
F(1,4) = 56.90, p < .005, for image 1; F(1,4) = 30.32, p < .01, for
image 2) and the levels of modulation amplitude
(F(4,16) = 49.81, p < .001, for image 1; F(4,16) = 38.33, p < .001,
for image 2) were signiﬁcant factors. There was no signiﬁcant
interaction for image 1 (F(4,16) = 2.81, p = 0.06), whereas there
was a signiﬁcant interaction for image 2 (F(4,16) = 10.19,
p < .001). According to the result of subeffect tests for image 2,
the simple main effects of polarity was signiﬁcant at all levels of
modulation amplitude (p < .01). These results suggest that the
images were perceived as more blurry if Off contrasts at high spa-
tial frequency band is reduced than if On contrasts is reduced.
3. Experiment 2
In natural scenes, Off signals from high spatial-frequency bands
often correspond to ‘shading’ information likely to originate from
3D object shape such as concavities. It is thus possible that Off-
modulated images appear more blurry because 3D shape informa-
tion from shading is impaired due to reduced Off signals. To test
this possibility, we measured perceived blur for images that do
not involve clear shading information (i.e., phase-scrambled natu-
ral images, Mondrian pattern, letters, and random dots.). Perceived
blur was also measured for a variety of natural scenes.O
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Fig. 5. Examples of stimu3.1. Methods
Stimuli consisted of 27 images: 11 natural scenes, 11 phase-
scrambled versions of the same natural scenes, white letters, black
letters, a Mondrian ﬁgure, and two random dot patterns (Fig. 5).
For each image, we reduced either the On or the Off contrast at
high-spatial frequency components by 0.40, an intermediate level
within the range of modulation factors used in Section 2. Seven
observers participated in the experiment with natural images, let-
ters and Mondrian. Four observers participated in the experiment
with phase-scrambled images and random dot patterns. The other
conditions were the same as in Section 2.
3.2. Results
Fig. 6 shows the matched clarity of various On- vs. Off-modu-
lated stimuli. We found that, for all of 27 images, Off-modulated
stimuli (blue bars) were perceived as more blurred than On-modu-
lated stimuli (red bars). We performed a two-factor ANOVA for the
upper and bottom graph separately, with the polarity of modulated
component and the types of images as factors, and seven (for the
upper graph) or four (for the bottom graph) measures (observers)
per condition. As for data in the upper graph, both of the polarity
(two-way ANOVA; F(1,6) = 45.64, p < .001) and the types of images
(F(12,72) = 6.93, p < .001) were signiﬁcant factors. The interaction
between each factors were signiﬁcant (F(12,72) = 3.36, p < .001),
but the simple main effects of polarity was signiﬁcant for all
images (p < .017) except for an image of white letter (p = .055).
As for data in the bottom graph, both of the polarity (two-way
ANOVA; F(1,3) = 45.72, p < .01) and the types of images
(F(12,36) = 10.74, p < .001) were signiﬁcant factors. There was no
interaction between factors (F(12,36) = 1.52, p = 0.16). These
results indicate that Off modulated images are perceived as more
blurry for all types of images, with the one exception of the image
of the white letter. Thus, rather than being speciﬁcally tied to
higher-order information such as 3D shape-from-shading, the
dominant effect of Off signals on blur perception is applicable to
a wide array of 2D luminance image categories.
4. Discussions
Previous studies on blur perception have generally assumed
that the perception of blur is solely determined by the spatial-fre-
quency spectrum of the image. The present study, however, showsli used in Section 3.
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Fig. 6. The matched clarity of various On- vs. Off-modulated images. Red and blue bars show the results for On- and Off-modulated images respectively. Error bars
represent ± 1 S.E.M. across observers.
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polarity. Our psychophysical experiments revealed that Off signals
at high spatial frequencies play a more important role in the per-
ception of blur than On signals.
The mammalian visual system is known to detect positive and
negative image contrasts separately (Schiller, Sandell, & Maunsell,
1986). A number of psychophysical evidence suggests that On and
Off signals are separately involved in various aspects of texture per-
ception, including ﬁgure-ground segregation (Malik & Perona,
1990; Motoyoshi & Kingdom, 2007), apparent contrast (Sato,
Motoyoshi, & Sato, 2012), and apparent spatial frequency (De
Valois, 1977). In addition, Off signals are considered to make a lar-
ger contribution than On signals in contrast detection(Bowen,
Pokorny, & Smith, 1989; Kelly, S.R.I. International, & Park, 1979),
apparent contrast (Chubb & Nam, 2000), simple response time
(Del Viva & Gori, 2008; Del Viva, Gori, & Burr, 2006; Komban,
Alonso, & Zaidi, 2011; Komban et al., 2014), and ﬁgure-ground
segregation (Chubb, Econopouly, & Landy, 1994; Chubb, Landy, &
Econopouly, 2004; Komban, Alonso, & Zaidi, 2011; Komban et al.,
2014). This On/Off asymmetry might be partially explained by a
greater density of Off-type retinal ganglion cells than On-type cells
(Ahmad et al., 2003; Dacey & Petersen, 1992), lower contrast
thresholds in Off-retinal ganglion cells (Zaghloul, Boahen, &
Demb, 2003), and asymmetries in linearity of On/Off luminance
response functions in thalamic and cortical neurons (Kremkow
et al., 2014). Recent information-theoretic analyses also propose
the idea that this On/Off neural asymmetry reﬂects an adaptation
to a corresponding asymmetry found in natural-image histograms
(Ratliff et al., 2010). The dominant effect of Off signals on blur
perception revealed by the current study is consistent with these
ﬁndings.
The ﬁnding of Chubb and Nam (2000) that Off signals have a
greater impact in the perceptual assessment of luminance contrast
may indicate the possibility that Off-modulated images were
judged to be more blurry because they appeared to have lower
luminance contrasts. However, our observers were strictly asked
to ignore luminance contrast when they judged blur. Moreover,
an additional experiment in which the perceived contrast of 15
On- and Off-modulated images were matched to reference stimuli
having various RMS contrasts at higher spatial frequency did notshow signiﬁcant differences in the perceived contrast between
On- and Off-modulated images (n = 3, two-way ANOVA;
F(1,2) = 0.13, p = 0.75). From this, we conclude that the strong per-
ception of blur associated to our Off-modulated images cannot be
entirely ascribed to a decrease in perceived contrast. Nevertheless,
greater impacts of Off components found in the perception of over-
all contrast (Chubb & Nam, 2000) and of spatial blur (present
study) are both consistent with the notion that the visual channels
tuned to high spatial frequencies have greater gain to Off signals
than to On signals.
On- and Off- signals are usually deﬁned as a difference between
luminance in time (Bowen, Pokorny, & Smith, 1989; Komban,
Alonso, & Zaidi, 2011; Komban et al., 2014), as well as in space
(Ratliff et al., 2010). Prolonged presentation of a stimulus is subject
to neural adaptation phenomena that can potentially distort the
image data used to calculate On- and Off- signals (Hood, 1998).
This problem can be partially avoided by using stimuli ﬂashed
for short duration (see Chubb & Nam, 2000; Komban, Alonso, &
Zaidi, 2011). The present study did not employ ﬂashed stimuli
because such brief exposures are not representative of natural
viewing condition under which we make judgments on image blur.
However, it is certainly important to consider adaptation factors in
order to properly assess the contribution of ‘neural’ On- and Off-
signals in blur perception.
While we speciﬁcally focused on ‘blur’ in the present study, we
recognize that Off-modulated images also convey an impression of
a ‘halo,’ as demonstrated in Figs. 2 and 3. Some may also see that
Off-modulated image have a ‘shiny’ appearance as a whole while
others may perceive that object surfaces appear to ‘glow’ or exhibit
a ‘glossy’ quality. Indeed, asymmetries in histograms at high spa-
tial-frequency subbands are known to correlate with the perceived
glossiness of surfaces (Motoyoshi et al., 2007), and the same might
also be true for perceived glow. Although our observers were
explicitly asked to match the apparent blur of a test to references
with variable frequency spectra, it is unclear how they distin-
guished between blur and other impressions including halo, glow,
shininess, and glossiness. It would be an important issue in further
research to understand how these perceptual attributes are related
to each other, how they are perceptually distinguished from each
other, and how each of them are extracted by the visual system.
10 H. Sato et al. / Vision Research 120 (2016) 5–10It should be noted that these attributes, including the present ﬁnd-
ing on blur, are not always described solely by a simple function of
low level image features such as On and Off contrasts. We expect
those analyses may further promote our understanding of the
human visual system’s ability to estimate the physical properties
of atmospheric conditions such as transmittance, movements
(winds), temperature, and humidity.
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